Most personal computers contain 8-bit graphic display hardware, whereas most medical gray scale images are stored at 16-bit per pixel integers. To display medical gray scale images on such computers, the 16-bit image data must be remapped into 8-bit gray scale images. This report presents the algorithms and computer code that allow very rapid 16-bit to 8-bit image data transformation. These algorithms are helpfui in allowing personal computers with at least the performance of a Macintosh II (Apple Computer, Cupertino, CAl computer to function as Iow-end picture archiving communication systems or personal workstations.
M
OST DIGITAL radiographic images are represented as 16-bit (2 byte) integers per pixel element. The actual dynamic range of the image data usually varŸ from 9 to 12 bits, depending on the imaging modality. When such images ate displayed on imaging consoles of picture archiving communication systems (PACS)/teleradiology workstations, a window and level control is usually provided to allow visualization of the full-image dataset. This function is usually implemented with special graphic hardware that allows window and level settings to be applied in real time. However, most personal computers and some low-end PACS/teleradiology workstations have standard 8-bit graphic systems. To display 16-bit images on 8-bit graphic systems, at least two steps are required: First, the 16-bit image data must be remapped to an 8-bit representation using user selected window and level settings. Second, the 8-bit data must be translated into different colors of gray scales (most commonly in hardware using a lookup table) before being projected onto the display monitor. The first step is performed in software and is usually computationally expensive. The second step is performed quite rapidly, usually in real time. This report presents algorithms and C programming Ianguage examples that optimize the remapping of l£ image data into an 8-bit color/gray scale representation.
DIRECT CALCULATION TRANSFORMATION
The 16-bit to 8-bit transformation requires that an 8-bit value be substituted for each 16-bit value in the image dataset (Fig 1) . Typically this is nota one to one transformation; often image values less than a certain number are clipped to black (in gray scale images), and images values greater than a certain number are clipped to white. Two parameters are usually chosen that determine the slope and end points of this transformation function: the window and level (also known as the window width and window level). From Fig 1, the following definitions are derived:
The equation for a line on an x,y-coordinate system is defined as:
For the present discussion, y is the 8-bit gray scale/color value of interest, x is the known 16-bit image data value, m is the slope of the line, and bis the y-intercept. Thus from Equation 4 the following formulas can be derived:
where GRAYSCALES is the difference between the lowest and highest gray scale value (usually 255 Gy). Furthermore, ifx = xl, then y = 0 (Fig 1) . Thus, substituting for Equation 4 we find the following: Although many refinements on the above algorithm are possible, this approach is unavoidably computationally expensive when performed on the data sets that are commonly encountered in medical imaging.
LOOKUP TABLE TRANSFORMATION
A better approach is to consider the x-axis of array is as follows: (Fig 2) . The 16-bit to 8-bit transformation can now be performed by using the 16-bit image data value of each pixel as the index for lut[] to obtain the 8-bit value of interest, as fotlows:
This is a common programming algorithm known as a lookup rabie. (3) The maximum range of level settings required is the difference between those settings necessary to convert the image from complete black to complete white (this range is not always needed, but is the maximum Iba! woulcl be required). (4) Furlhermore, consider that fora given window, a change in the level setting only "shifts" the values in lut [] to different positions within the array (Fig 3) .
The following data structure is then suggested:
/Code 61 unsigned char baseL UT[ ];
This array has 3 regions (Fig 4) : (1) 
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can be set to 4,096 (12-bit dynamic range). (2) The region from W1 to W2 is as large as the current window setting; it contains an ordered set of integers that progresses from black to white. It is initially set to MAX_WIND_ SIZE (the largest window setting possible) elements long. Whereas the array position W1 is fixed, W2 will vary depending on the size of the current window. (3) The region from W2 to END is at least RRANGE elements long, and at most RRANGE + MAX_W1ND_SIZE elements long (ie, when wtndow = 0).
The Next, an array of unsigned char arrays is initialized using predefined window settings, where each subarray is defined from a predefined list ofwindow settings. However, unlike lut[] above, each array contains at most one white and black gray scale value: the "flat" or clipped portions of the transformation curve on Fig 1 are not Finally, a global pointer is used to set thecurrent level setting (Fig 5) This algorithm also permits the use of nonlinear lookup tables with no performance penalty.
IMPLEMENTATION
Using the algoritbms above, window and level adjustments might be performed as the following loop:
(1) Store the old selector position (mouse, trackball, dial, etc).
(2) Get the current selector position. (7) Update the displayed image using the revised 8-bit data.
The optimized algorithms described above have been implemented in a sample application on the Macintosh (Apple Computer, Cupertino, CA) platform using Think C 5.02 (Symantec Corp, Cupertino, CA). On a Macintosh II class computer, the algorithms allow very rapid window and level adjustments (Table 1) . On a Macintosh Quadra computer, the window and level adjustments are performed almost instantaneously. As expected, algorithm performance is strongly influenced by microprocessor performance.
CONCLUStONS
The algorithms described above allow nearly real time window and level adjustment of 16-bit gray scale images on computer systems that contain standard 8-bit graphic hardware. Therefore, personal computers with at least the performance of a Macintosh II computer may perform adequately as personal/low-end PACS workstations without the additional expense of special graphic hardware.
